Crystal structure of metal aluminum amides has been investigated by synchrotron radiation powder X-ray diffraction (SR-PXD) and powder neutron diffraction (PND). 
Introduction
Utilization of hydrogen as an energy carrier is one of the key challenges in developing a carbon-neutral energy economy. Compact and safe way to store hydrogen is necessary [1] , and one of the candidates is hydrogen storage in solid materials which possess high volumetric hydrogen capacity. Complex hydrides, e.g., metal alanates M(AlH 4 ) x where hydrogen is covalently bonded with Al to make complex anion, have high gravimetric hydrogen capacity and have been studied as one of the most promising hydrogen storage materials [2] . For example, LiAlH 4 can store 10.5 mass% hydrogen, however the irreversibility of the hydrogen desorption reaction is challenging. NaAlH 4 with transition metal additives shows good cyclability, however the practical reversible capacity is only around 4 wt% H [3] .
Metal aluminum amides (tetra-amido-aluminates), M[Al(NH 2 4 ] x (M = Li, Na, K, Mg and Ca) [4, 5] . Analogously to the amideimide system [6] , NH 3 desorption in metal aluminum amides can be replaced by H 2 desorption by making composites with alkali metal hydrides, therefore the compounds have recently been studied as hydrogen storage materials. The lithium amide-imide system desorbs ~6.5 mass% H 2 at 255 °C through the following reaction: [6] LiNH 2 + LiH → Li 2 NH + H 2 For more unstable amides the H 2 desorption temperature is decreased, e.g., the composite LiHLiAl(NH 2 ) 4 can desorb up to 6.2 mass% hydrogen at 130 °C [7] .
The reactions between Al and solution of alkali metals (Li, Na, K, Rb and Cs) in liquid NH 3 result in single crystals of the alkali metal aluminum amides and the unit cell parameters of these compounds have been investigated by powder and single crystal diffraction [8] [9] [10] . The crystal structures of LiAl(NH 2 ) 4 , NaAl(NH 2 ) 4 , α-KAl(NH 2 ) 4 , RbAl(NH 2 ) 4 and CsAl(NH 2 ) 4 have been reported from single crystal X-ray diffraction measurements [11] [12] [13] [14] . The structure models included hydrogen positions, but they are regarded as uncertain due to their low X-ray scattering power. The space groups and unit cell parameters of MAl(NH 2 ) 4 Table 1 synthesized by an ammonothermal method [16] . In the preparation of the metal deuterides, Na or K were annealed under D 2 atmosphere (1 MPa) at 650 °C for 20 h and Ca at 300 °C for 8 h. AlD 3 was prepared from the reaction between LiAlD 4 and AlCl 3 by wet chemistry [20] . The starting materials for each metal aluminum amide listed in Table 2 were loaded into Cr-steel vials (SDK-11, UMETOKU Co. Ltd.) with ZrO 2 balls and milled with sequences of 15 min mill followed by 15min pause under liquid ND 3 or gaseous argon by using a rocking mill apparatus (RM-10, SEIWA GIKEN Co. Ltd.) with a frequency of 10 Hz. The detailed milling conditions are described in Table 2 . All handling of samples was carried out in a glove box filled with purified argon (<1 ppm O 2 and H 2 O). In situ SR-PXD measurements were carried out using a pixel area detector (Pilatus2M, DECTRIS) at the Swiss-Norwegian Beamline (SNBL, BM01A) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The samples were mounted in boron glass capillaries (0.5 mmφ) fixed in a Swagelok fitting and kept under dynamic vacuum. A diffraction pattern was collected every 40 s (exposure time 30 s). The capillary was rotated 30° during exposure to improve the powder averaging. Measurements were carried out between room temperature (RT) and 500 °C. The two-dimensional data were integrated to one-dimensional diffraction patterns using the Fit2D program [21] .
High resolution SR-PXD data at RT were collected at SNBL, BM01B at ESRF, Grenoble,
France. The diffractometer is equipped with six scintillation detectors mounted with 1.1° separation in 2θ, each with a secondary Si monochromator. The samples were filled and sealed in boron glass capillaries (0.5 mmφ) under Ar atmosphere and placed on a spinning stage.
PND data were collected at the JEEP II reactor at Kjeller, Norway, with the PUS instrument [22] . Neutrons with wavelength 1.5556 Å were obtained from a Ge (511) focusing monochromator. The detector unit consists of two banks of seven position-sensitive 3 He detectors, each covering 20° in 2θ (binned in steps of 0.05°). Diffraction data were collected at RT from 10 to 130° in 2θ. The sample was kept in a rotating cylindrical vanadium sample holder (6 mmφ).
The Dicvol [23] and Chekcell [24] programs were used for unit cell and space group determination. The global optimization approach with parallel tempering as implemented in the FOX program [25, 26] was used for crystal structure determination. The structure refinements were carried out using the GSAS [27] software package with the EXPGUI [28] The restraint weight factor of 5000 was applied which gave a minimal impact on the R-factors. The crystal structures were illustrated using the VESTA program [33] .
Fourier transform infrared (FTIR) spectrometer (ALPHA, Bruker) equipped with a 45° diamond attenuated total reflectance (ATR) accessory was used to collect IR spectra at RT. The spectrometer was installed in a glove box filled with purified Ar. [4, 5] with the expected shift due to the isotope effect when replacing H with D [34] . Amide ions have symmetric and asymmetric stretching modes, which provide two absorption bands in the IR spectra.
Results and discussion
In-situ SR-PXD measurements were carried out for the as-synthesized materials. Previous studies revealed that LiAl(NH 2 ) 4 transforms into an amorphous intermediate phase [35] . Our in-situ SR-PXD data of all samples are shown in Fig. 2 . The crystalline metal aluminum amides became amorphous at around 137, 103, 141, and 130 °C for M = Li, Na, Mg, and Ca, respectively. In the case of KAl(ND 2 ) 4 , the phase transformation from α to β was observed at around 60 °C, and the β-phase disappeared at around 66 °C as shown in Fig.2c . These amorphization temperatures are consistent with ammonia desorption temperatures of metal aluminum amides determined from thermal desorption mass spectroscopy [5] .
To determine the deuterium positions of LiAl(ND 2 ) 4 , NaAl(ND 2 ) 4 and α-KAl(ND 2 ) 4 , simultaneous SR-PXD and PND Rietveld refinements were performed for these samples using the previously reported structure models [11] [12] [13] as initial parameters. The results of the Rieveld refinements based on both the SR-PXD and PND data for LiAl(ND 2 ) 4 , NaAl(ND 2 ) 4 and α-KAl(ND 2 ) 4 are shown in Fig. 3a-3c and 4a-4c, respectively. Because NaAl(ND 2 ) 4 shows a preferential (002) plane orientation compared to the previously reported model, March-Dollase correction was applied. The refinement results are summarized in Table 3 -5 and the structure models are illustrated in Fig. S2-S4 . The refined crystal structures are in good agreement with the previously reported structure models. Based on the SR-PXD data, β-KAl(ND 2 ) 4 can be indexed with an orthorhombic unit cell with a = 11.4183(4) Å, b = 8.8588(2) Å, c = 6.1696(2) Å. This is almost the same unit cell as in the earlier study and the systematic extinctions are in agreement with the suggested space group
Pnma [10] . The atomic positions of K, Al and N, were determined from the SR-PXD data measured at around 60 °C. Fig. 3d shows obtained Rietveld fit of β-KAl(ND 2 ) 4 to the SR-PXD data. Refined structure parameters are listed in Table 6 and the structure model is illustrated in (Fig. S5) . The peak positons are in fair agreement with the previously suggested hexagonal unit cell with a = 12.09 and c = 7.968 Å [5] . SR-PXD data gives the unit cell parameters a = 12.08 and c = 7.974 Å and possible space group P6, however, it has not succeeded to solve the structure based on these data.
To our best knowledge, no structure model of Ca[Al(NH 2 ) 4 ] 2 has been reported earlier.
Indexing Fig. 6 shows the refined structure and the crystallographic data are presented in Table 7 . Table 8 and details are shown in Table S1 -S5. It is found that M-N and Al-N distances show a good agreement with the previously reported values for MAl(NH 2 ) 4 , however, N-D distances are significantly longer than N-H distances. In general X-ray diffraction experiments tend to give short metal-hydrogen distances, because of its sensitivity to electrons rather than the atomic nucleus. These trends have also been found in the metal amide system, e.g., N-D distances from PND (0.99 and 1.00 Å) in tetrahedra are substituted by NH 2 . However, the crystal structures of metal aluminum amides are typically different from the corresponding metal alanates. The differences and similarities of the crystal structures between metal aluminum amides and corresponding metal alanates will be discussed below. Coordination of metal cation to AlD 4 in metal alanates or to Al(ND 2 ) 4 in metal aluminum amides is illustrated in Fig. 7 . While the alkali cations have coordination numbers 5 and 8 in LiAlD 4 and NaAlD 4 , respectively [39, 40] , the cation is tetrahedrally coordinated by Table 9 summarizes selected interatomic distances and bond angles in metal alanates and aluminum amides. respectively, as a function of effective ionic radii of the metal [43] . For the alanates, larger cation results in a longer cation-D distance [42] , which is also the case for the cation-N distances in aluminum amides. These distances show linear correlation with effective ionic radii. The intercepts of the linear fits are 1.14 and 1.35 Å, respectively, which is in good agreement with the reported effective ionic radii of H -(1.22 Å) and N 3-(1.46 Å) [43] . 
